Synthetic aperture radar (SAR) is a mature technology that has given birth to Interferometry SAR (InSAR). Comparing phase differences between two or more SAR images separated either by time or space makes it is possible to look at the world in three-dimensions. InSAR has many practical and academic applications ranging from measuring surface deformation to monitoring geomorphic processes. Using InSAR, for example, scientists have been able to precisely measure the after-effects of earthquakes, and to map glacial flow and ocean currents. In the industrial sector InSAR has been already been applied to the monitoring of mine sites and landslides -and has potential value in any area wherever natural displacement hazards exist.
InSAR data can be processed using commercial or opensource programs. GMTSAR, ROI PAC, and NEST-Snap are among the more powerful open-source packages that are readily available to the public. In most circles InSAR is still considered a new technology but it shows considerable promise as a powerful tool for mapping and monitoring earth surface processes; servicing both academic and industry interests.
History of development
In all sciences, there is an elegant dance between engineering and discovery. SAR (Synthetic Aperture Radar) was invented for a purpose. In the 1940s it was a military reconnaissance tool. In the 1950s it answered the need for an all-weather, 24-hour aerial remote surveillance device (Engineering and Technology History, 2015) . Radar had been a popular method for obtaining aerial images of the ground because it was not weather or time dependent; relying on the electromagnetic radiation wavelength of microwave and radio proportions. However, because of physical limitations, radar antennas needed to be the size of a football field to obtain a suitable resolution for practical purposes. This caused a problem for many organisations needing high quality imagery. SAR methods use normal aperture radars across spatial distance to emulate a large radar antenna. Carl Wiley of Goodyear Aircraft Company (known later as Lockheed Martin) achieved fame as the father and inventor of SAR methods (Lasswell, 2005) . Over the decades since it was first invented SAR has become the most used technique for obtaining radar imagery, servicing countless organisations stretching over many diverse sectors.
SAR gave birth to InSAR (Interferometry SAR). InSAR uses repeat-pass techniques to obtain two SAR images of a region over different times. An interferometry diagram is created to compare the phase differences (UNSW, 2004) . The InSAR concept was developed not long after the invention of SAR. However, the computer power required to process InSAR data was not readily available back in the 1950-60s. InSAR data processing did not become practical until the early 1990s (GSI, 2004) .
SEASAT, the first satellite platform with a SAR sensor on board, was launched in 1978 (Ferretti, 2013) . RADARSAT-1, a well-known and popular satellite, was launched in 1995 (Canadian Space Agency, 2014) and operated at 5.3GHz, in the C-band wavelength (Canadian Space Agency, 2015) . Over the next few years, more satellites equipped with the instruments for InSAR methods were launched and the data became more readily available. The combination of data availability and computer power allowed InSAR methods to develop.
Theory
An understanding of SAR is a necessary precursor to an understanding of InSAR. In conventional methods the purpose of SAR imagery is to measure the distance to a target of interest (Hensley and Rosen, 2001) . The drawback to traditional SAR is that it views a three-dimensional world in planimetric view as shown in Figure 1 . The main platforms used for SAR imagery are mounted on satellites and space shuttles and, because of their orbital paths around the Earth, the information recorded in a SAR image is plotted on a two-dimensional graph with the range, cross-track, as one axis and the azimuth, along-track, as
InSAR: an introduction the other. As SAR operates mostly in a two-dimensional environment, plane and amplitude variations limit interpretation. InSAR adds a third dimension (either time or space). Currently InSAR is mostly applied to (1) topographic mapping and (2) surface deformation monitoring (Hensley and Rosen, 2001) . This review will focus on the latter application, which has the potential to be particularly advantageous in industry sectors.
InSAR works around the concept of using phase delay information for each radar pulse pixel. When an EM (Electromagnetic) wave transmits from a radar, the corresponding backscatter return signal always has an associated phase delay given by the signal as a function of time:
Where ; the time it takes for the signal to travel to target and back; pulse delay; c is the speed of an electromagnetic wave in the appropriate medium. EM waves, being thought of transitional waves, display a sinusoidal form, and using we can rearrange equation 1.1:
Where ; known as the phase delay. This is the fundamental concept that gives InSAR its power. The phase delay may include a noise contribution, but for simplicity it is usually ignored (Ulaby and Long, 2014) . InSAR methods are based on combining radar return signals from two different SAR images separated in space (topography) or time (surface deformation). When monitoring surface deformation the phase delay is compared between two SAR images at different times.
Modulo-2p
The concept of Modulo-2p is important to grasp, because it allows us to understand something, but not everything, about what is going on (Ferretti, 2013) . Because of EM wave properties, the sensor-to-target is better expressed as a number of wavelengths, plus a segment equal to a fraction of l. To better clarify this thought, suppose a radar antenna is operating in the X-band with a wavelength of about 3 cm. The point of interest is 30 m away. In this case, the sensor-target distance is exactly 1000 wavelengths, . Considering a two-way path for the signal, the total distance would be equal to 2000 wavelengths. Now consider moving the same target 0.50 cm towards the radar, corresponding to surface inflation, the signal would not have to travel as far. In fact, it would take only 999 wavelengths plus 0.83l, corresponding to a total 1999 full wavelengths plus 0.66l for two-way travel. We needed one-third less of a wavelength to complete the sensor-target distance the second time around. As a consequence, in this example, the return signal for the second run would correspond to a phase value of .
Although this method is very effective at measuring deformation, if inflation or deflation equals half of a wavelength this wouldn't correspond to any phase shift. This is because moving the point 1.5 cm away/toward the distance travelled by the radar pulse would equal , and this would correspond to a full complete wavelength (Ferretti, 2013) . Also known as the effective wavelength -, any shift that coincides with multiples of the effective wavelength will not result in a phase change. Without prior information all that would be known is that a phase shift has occurred of f = p, but it would not be certain whether the shift is towards or away from the sensor. A good analogy would be waking in a dark room with a clock on the wall. The clock indicates that is 12 o' clock, but without prior knowledge and other information it wouldn't be clear whether it is midday or midnight.
Surface deformation
Studies of surface deformation using InSAR are more complex than studies of topography. Surface deformation studies also include motion, such as the movements of glaciers, ocean currents, and sand dunes. These studies can be an important investment in certain industries where valuable property could be affected by geomorphic processes. Surface deformation is calculated using along-track interferometry. This is because by altering the imaging geometry to an along-track path InSAR measures surface motion rather than topography (Ulaby and Long, 2014) . To create time separated InSAR images an equation must to be derived to account for the complexity of satellite systems. Originally, before satellites became a major source of InSAR data, aeroplanes were used. Two SAR sensors would be mounted on the side of an aeroplane, one at the nose and the other at the tail as shown in Figure 2 . This allowed two SAR images to be taken in the same spatial area, but at different times. If no cross-track displacement has occurred any return response due to topographic signal would, in theory, be null. A response, therefore, must be due to surface deformation/motion. Where is the radial velocity that corresponds to the velocity that the object of interest recedes or advances relative to the sensor position; q coincides with the incidence angle. Putting this into terms of interferometric phase this conforms too:
By studying this equation, the interferometric phase is directly proportional to the radial velocity (Ulaby and Long, 2014 The above equation (1.6) is a great method of measuring the velocity of an object that tends to be constantly moving, such as ocean currents (Ulaby and Long, 2014) .
Surface deformation studies tend to use the exactly same concepts and techniques to measure phase differences. The only modification would be, conventionally, that satellites are used instead of aeroplanes, and the time difference between two non-spatial SAR images could be days or weeks contrasted to the milliseconds on a fixed aeroplane. This allows for the study and measurement of surface deformation that takes place over a considerable period of time. Such examples could include: glacial travel, volcanic deflation, and tectonic plate movement (Figure 4) . However, studies can also be conducted on areas that experienced sudden deformation, such as in earthquakes, tsunamis, and landslides. Using ERS-1 SAR images over Antartica, Goldstein et al. (1988) demonstrated that the flow velocity of an ice stream could be measured with a precision of about (Goldstein, 1993) . As demonstrated in Eq. (1.6), the ratio represents the time delay between the two SAR images. Plugging these numbers into the equation gives us:
If two observations are 15 days apart and within the X-band range; radians; accuracy of satellite. Eq. (1.7) leads to:
The measurement is comparable to the velocity of tectonic motion. This data shows that InSAR has the ability to measure surface deformation even for processes that are extremely slow. This same idea can be applied to tectonic episodes; the majority of tectonic movement isn't as fluid as that of glacial flow, but occurs in sudden incidents we can use Eq. (1.7) to be able to measure directly the topographic change in elevation. Consider an earthquake that strikes without notice. As shown in Figure 5 , using the two different phase delay information, it is possible to straightforwardly quantify the difference in elevation due to the earthquake. Breaking apart Eq. (1.4):
Eq. (1.8) and (1.9) corresponds to image 1 and 2 from Figure 5 respectively. Assuming the backscatter of both SAR images are equivalent , it can be shown that directly measuring the interferometry phase can result in a direct quantity that parallels the topographic elevation change. From Eq. (1.4), (1.8), and (1.9) it is revealed that the measurement can be comprised by two factors (1) changes in the surface scatters causing , and (2) deviation in the satellite orbit between the two observations permitting topographic responses to be leaked into the data (Ulaby and Long, 2014) . A technique known as stacking is most commonly used on satellite interferometry to remove data that could potentially pose a threat to quality data. This idea is simple enough that instead of a two-pass track, the SAR detector forces an n th -pass to obtain more SAR images that are essentially 'stacked' upon one another. This method is useful in the sense that is reduces statistical errors, but it only yields a single average deformation measurement (Ulaby and Long, 2014) . It is almost impossible to be able to retrieve time history measurements from a multi stacked (added) interferometry diagram; this is also known as time-series InSAR applications.
Unwrapping phase
The methods used to recover phase delays in each individual pixel are important, because they allow for the extraction of phase difference. The biggest problem that faces scientists, who Ulaby and Long, 2014. are interested in a particular value that corresponds to an elevation change, comes back to the previous topic of Modulo2p. The data is very limited if the information just displays a phase difference. This is because the information shows an interferometric phase has taken place, but not how many integer wavelengths it took to obtain said phase. Therefore, it is almost impossible to obtain any practical elevation difference unless a process known as unwrapping is used, which has both great advantages and disadvantages.
Interferometry records data in complex format -Euler's Identity, It cycles between p and p; due to the nature of electromagnetic waves. The signal that is true, and resembles the true amount of wavelengths to target, is hidden or wrapped to the values that are the remainder after dividing the full value by 2p. Phase unwrapping is the process of reversing and attempting to reconstruct the true, unwrapped signal from the wrapped interferogram (Nee, 2012) . To obtain such results many techniques and algorithms have been invented over the years, and attempts are constantly being made to make the process more precise and accurate. That development process is, however, beyond the scope of this review. Snaphu is the most popular unwrapping algorithm that has been incorporated in much of the free-source InSAR processing packages such as GMTSAR and ROI PAC (Chen and Zebker, 2003) .
Academic applications
InSAR has been in the academic world since its inception, and many papers have been written about its applications. The most notable scientists to use InSAR are: Zebker, Chen, Hensley, Rosen, and Ferretti. An important case study, conducted by Rosen in 1994, demonstrated the measurement of surface deformation due to volcanic inflation in Hawaii. The results were compared to GPS data to verify that InSAR has similar accuracy potential. Many disciplines of InSAR exist, but the end goal of any discipline is to compare two or more SAR image phase delays. The only prominent difference lies in the different techniques used to account for the various factors that can affect what the target of interest would be. In the Hawaiian case, a process known as Differential Interferometry (DinSAR) was used to measure the centimetre scale deformation of an active caldera over a period of six months (Rosen et al., 1996) . Differential InSAR is the most common process whereby a SAR image, known as a master, is taken at a certain time interval. After a period of time has passed, another SAR image, a slave, is taken of the same area. In theory, it is easy to calculate the interferometry between two SAR images, assuming that no spatial distance has taken place. However, in the real world, a satellite does not exactly retrace its steps perfectly, and because of this even the slightest shift from the original position can cause the data to be ruined by the addition of topographic phase response. This problem can be resolved by introducing a DEM (Digital Elevation Model) of the area. The DEM allows any response due to topography to be 'zeroed' out, but it is only as accurate to the level of resolution provided by the DEM.
The study of volcanic inflation/deflation is common, as is the study of sudden surface deformation such as that created by earthquakes. Using InSAR a group of scientists followed a swarm of earthquakes that occurred in western United States of America in the Columbian River Flood Basalts (Wicks et al., 2011) . Figure 6 shows an interferometry image of an area over Baja California taken by ENVISAT. The image shows a close fringe pattern towards its centre, which indicates the extent of surface deformation resulting from the earthquake. It can be tough when interpreting the data to know how the elevation has changed and by how much, and this is where unwrapping becomes useful. Figure 7 shows the same image, but this time it has been unwrapped using Snaphu, allowing for easier interpretation. Unwrapping is only as accurate as algorithms that govern it, but is accurate enough for most practical purposes.
Industry applications
InSAR has yet to make a real impact in industry. One of the world's leading researchers and engineers, and the EAGE Visiting Lecturer in Australia in 2015, Alessandro Ferretti, has repeatedly demonstrated just how useful InSAR could be from a business standpoint. According to Ferretti, InSAR data can be used for fault characterization and calibration of geo-mechanical models in the oil and gas sector, for monitoring landslides, volcanoes, faults, and areas prone to sinkholes and subsidence, for understanding terrain compaction phenomena induced by tunnelling works, and even for monitoring the stability of individual buildings (Ferretti et al., 2015) .
In Australia the mining industry could use InSAR to monitor the stability of mine sites. In the past it was almost impossible to remotely monitor mine sites due to the long revisiting time frame of available satellites. However, that is not a problem with modern satellites 1 (Colombo and MacDonald, 2015) . Colombo and MacDonald studied an open-pit diamond mine in South Africa. The stability of the pit walls was of particular concern as it was feared a landslide would damage valuable assets. As shown in Figure 8 , points on the open-pit showed vertical and shear displacements. The data identified areas at risk of failure and highlights the value of InSAR in mine site assessment and monitoring; potentially saving assets and the lives of mine workers.
Processing
Many commercial products exist that support InSAR data processing. However, there are also a number of open-source packages that are available online. The most common and powerful suites obtainable are: GMTSAR, ROI PAC, and NEST-Snap (Alaska Satellite Facility, 1991) . The first named is a command-line utility that is built off the famous GMT (Generic Mapping Tools) that was created by Paul Wessel and others at the University of Hawaii (Wessel, 2013) . Many routes can be taken to process InSAR data. GMTSAR processes and procedures are only given as an example.
GMTSAR processing
GMTSAR 2 takes raw data from the major satellites 3 that provide high-quality SAR imagery and processes the data in six steps: (1) Assuming data is downloaded in raw format, known as Level 0 data (L0), from their respective platforms GMTSAR first processes the raw data to a format that is compatible to the inner workings of the platform. (2) The second stage is governed by a series of GMT shell scripts and compiled C files that align and focus the satellite data. This is needed in order for the two, or more, SAR images to be precisely aligned with one another so each master cell's phase delay can be compared with the slave(s). After alignment and focusing has been completed the data set has evolved to Level 1 data (L1). GMTSAR then produces a DEM of the area of interest to compare with L1 data. (3) The DEM, which is a gridded file, is used to eliminate any 1 COSMO-SkyMed Satellite: 8-day revisit period for example. 2 http://topex.ucsd.edu/gmtsar/. 3 ALOS-1, ALOS-2, Envisat, ERS, COSMOS-Sky, Radarsat, Sentinel-1A, and TerraSAR-X. Colombo and MacDonald, 2015. topographic phase response from the master file, allowing for (4) an interferogram to be created using any filters that may have been provided; this results in an image as shown in Figure  6 . Depending on whether unwrapping is required, (5) GMTSAR will use its built-in unwrapper, Snaphu, to produce the unwrapped version of the interferogram, as in Figure 7 . Finally (6), GMTSAR finishes up by converting all calculated data into readable formats. This includes image and Google Earth 4 files that can easily be reproduced and shared. GMTSAR and other freely available processing software are powerful resources for potential users of InSAR. Enjoy!
